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In the present letter we use holographic methods to show that a very intense magnetic field lowers
the temperature at which the mesons melt and decreases the mass gap of the spectrum along with
their masses. Consequently, there is a range of temperatures for which mesons can be melted by
applying a magnetic field instead of increasing the temperature. We term this effect Magnetic
Meson Melting (MMM), and we are able to observe it by constructing a configuration that makes it
possible to apply gauge/gravity methods to study fundamental degrees of freedom in a quark-gluon
plasma subject to a magnetic field as intense as that expected in high energy collisions. This is
achieved by the confection of a ten-dimensional background that is dual to the magnetized plasma
and nonetheless permits the embedding of D7-branes in it. For such a background to exist, a scalar
field has to be present and hence a scalar operator of dimension 2 appears in the gauge theory. We
present here the details of the background and of the embedding of flavor D7-branes in it. Since our
results are obtained from the gravity dual of the gauge theory, the analysis is also interesting from
the gravitational perspective.
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INTRODUCTION AND MAIN RESULTS
It has become increasingly accepted that an intense
magnetic field is produced in high energy collisions and
that understanding its effects is relevant to properly an-
alyze experimental observations [1–4]. A tool that has
proven to be very useful to study the quark-gluon plasma
produced in these collisions is the gauge/gravity corre-
spondence [5]. In this context, adding Nf massive flavor
degrees of freedom to a gauge theory corresponds to em-
bedding Nf D7-branes in its gravitational dual [6]. The
incorporation of the magnetic field in this setup was done
in [7, 8], where said field was introduced as an excitation
of the D7-branes, and the latter were considered to be a
probe in a fixed ten-dimensional background. The results
obtained in [8] showed that the effect of the magnetic
field was to increase the dissociation temperature of the
mesons along with their masses, thus providing an holo-
graphic realization of magnetic catalysis (MC). However,
it is also well known from lattice calculations [9] and lin-
ear sigma models [10] that for some mesons, such as the
neutral pion, the magnetic field has the opposite effect
on both, its mass and dissociation temperature. It then
becomes necessary to find a manner in the gauge/gravity
correspondence to reproduce this inverse magnetic catal-
ysis (IMC) for meson dissociation (IMC for other physi-
cal phenomena has been reported in various holographic
models [11–13]).
A different approach to incorporate the effects of a
strong magnetic field in the correspondence was followed
in [14], where the plasma contained massless matter in
the adjoint representation. Trying to implement the em-
bedding of the flavor D7-branes in the ten-dimensional
uplift of the five-dimensional geometry employed in [14]
turns out to be highly complicated because the compact
part of the resulting geometry warps in a way that pre-
vents an easy identification of the right 3-cycle that the
D7-brane must wrap [15]. Given this complication, our
approach is to construct a family of solutions to ten-
dimensional type IIB supergravity that accommodates a
magnetic field and has a compact five-dimensional space
that factors as a warped 3-sphere, a 1-cycle, and an an-
gular coordinate θ that determines the volume of these
two spaces. By keeping the 1-cycle and the θ direction
perpendicular to the rest of the spacetime, we will be
able to proceed as in previous approaches [16], and have
the D7-brane naturally wrapping the 3-cycle. We will see
below that the construction of such a family requires the
excitation of a scalar field ϕ dual to a scalar operator of
dimension 2 in the gauge theory, that hence saturates the
BF bound [17].
In [18] we adopted a five-dimensional effective perspec-
tive to study this family of backgrounds, and found a
critical intensity bc for the magnetic field above which
the solutions become unstable.
The principal purpose of this letter is to show how,
in the holographic setup that we study, a magnetic field
lowers the temperature at which the meson melting tran-
sition happens, implying that for certain temperatures
such a magnetic field can be used to cause this tran-
sition. Adjacent to this result, by studying mesons that
are dual to perturbations on the embedding of the brane,
we find that their masses decrease with the intensity of
the magnetic field, as does the mass gap of the spectrum.
Thus, we provide an holographic realization of IMC for
meson dissociation.
2Not less important, regarding the gauge/gravity cor-
respondence, is the presentation we do of the ten-
dimensional family of backgrounds and the embedding
of D7-branes into it, both of which we constructed nu-
merically, since analytic solutions eluded our treatment.
Numerical details of what we present here, along with
further information about physical quantities affected by
the magnetic field in this context, will be available in [19].
THE GRAVITATIONAL BACKGROUND
What we need is a solution to ten-dimensional type
IIB supergravity with a metric that asymptotically ap-
proaches AdS5 × S5, and accommodates a deformation
that encodes the dual of a magnetic field in the gauge
theory, while still permits to factor out the compact part
of the metric in the way described in the introduction.
As it turns out, a general line element that allows such
a solution is given by
ds210 =
√
∆ds25
+
1
X
√
∆
(
X2∆dθ2 +X3 sin2 θdφ2 + cos2 θdΣ3
2
)
, (1)
where X = e
1√
6
ϕ(r)
, ∆ = X cos2 θ +X−2 sin2 θ, and the
line element ds25 of the non-compact subspace has the
form
ds25 =
dr2
U(r)
−U(r)dt2+V (r)(dx2+dy2)+W (r)dz2, (2)
while the one of the 3-cycle is given by
dΣ3
2 = dϑ21+sin
2 ϑ1(dϑ2+
√
2A)2+cos2 ϑ1(dϑ3+
√
2A)2.
(3)
The coordinate r measures a radial distance, and we
expect (1) to approach AdS5×S5 as r→∞, making the
directions t, x, y, and z, dual to those in which the gauge
theory lives.
We see that the 1-form A parametrizes an infinitesimal
rotation involving a periodic direction of the compacti-
fying manifold that, in turn, codifies the internal degrees
of freedom of the dual gauge theory. If we keep A and
its exterior derivative in the cotangent space to the direc-
tions dual to those of the gauge theory, it will represent a
U(1) vector potential that allows the introduction of the
desired magnetic field in the latter. In the family of so-
lutions that will provide the background for our current
calculation we set A = b x dy, automatically satisfying
Maxwell equations [18] and introducing a constant mag-
netic field F = bdx ∧ dy in the gauge theory.
Given that the scalar ϕ and metric potentials U, V, and
W, that we numerically constructed in [18] are solutions
to 5D gauged supergravity, their substitution in the ex-
pressions above guaranties for (1) to solve the equations
of motion of type IIB supergravity in 10D [20], just as
long as the 5-form field strength proper to this theory is
given by the expression also included in [18].
This is the family of backgrounds that we will use, of
which all elements posses a regular horizon at some finite
rh, providing the gauge theory with a finite temperature
T = 3rh2pi , while the non compact part of (1) asymptotes to
AdS5 for large r. Since the 5-form does not couple to the
D7-brane, it will not appear in our current calculations
and will be omitted it in this letter.
EMBEDDING OF THE D7-BRANE
To find how a D7-brane is embedded in our background
we must extremize the Dirac-Born-Infeld action given by
SDBI = −TD7Nf
∫
d8x
√
−det(g7), (4)
where TD7 is the tension of the D7-brane, g7 the metric
induced over it, and the integration is to be performed
over its world volume.
An extreme of (4) can be consistently found at fixed φ
given that (1) does not depend on this coordinate, and
because the direction that φ represents remains orthog-
onal to the rest of the spacetime. Notice that achieving
this orthogonality is what made the introduction of ϕ
necessary.
Concerning the 3-cycle in (1), we notice that its volume
depends on the position θ and, regardless of the value of
b, this cycle becomes maximal at θ = 0, while for b = 0 it
reduces to S3. For non-vanishing b, the 3-cycle gets tilted
towards the five dimensional non-compact part of the
spacetime in a manner that is volume preserving within
the eight dimensions of this two spaces together.
We see then that a D7-brane can consistently extend
along the directions of ds5
2 and dΣ3
2, and since the vol-
ume of this subspace depends solely on θ and r, an em-
bedding that extremizes (4) can be found by setting φ
to a constant and determining the right profile for θ(r).
This embedding becomes supersymmetric at zero tem-
perature when we turn off ϕ and A.
The expressions to follow simplify significantly if they
are written in terms of χ(r) ≡ sin θ(r), so that the line
element induced on the D7-brane is
ds2D7 = ∆
1
2
[−Udt2 + V (dx2 + dy2) +Wdz2
+
1− χ2 + UX(∂rχ)2
U(1− χ2) dr
2
]
+
1− χ2
∆
1
2X
dΣ23(A),(5)
where the wrapping factor simplifies to ∆ = X +
χ2(X−2 − X). We find the embedding by varying (4)
with respect to χ after substitution of (5) and solving
the resulting equation.
3The behavior of the embedding close to the boundary
is given by χ = M¯pi/
√
2r+ ..., where M¯ is related to the
quark mass by Mq = M¯
√
λ/2, with λ the t’Hooft con-
stant. For values of M¯ not too large in comparison to
the temperature, the embedding at any r remains close
enough to the equator, χ(r) = 0, and the brane falls
trough the horizon as r → rh, receiving the name of
black hole embedding. On the contrary, for large enough
values of M¯ the embedding stays distant from the equa-
tor and the brane does not touch the horizon, so it is
refereed to as a Minkowski embedding. There is an in-
termediate range of M¯ values for which there are both
types of embeddings, and a thermodynamic analysis is
necessary to determine which one is favored.
Once a D7-brane has been introduced in this back-
ground, open strings with both ends on it can exist. The
low energy states of these strings are dual to mesons,
i.e. quark-antiquark bound states, in the gauge theory.
These states are codified as excitation of the D7-brane
governed by the DBI action, and their spectrum can be
determined by finding the stable vibrational and U(1)
perturbations of the brane. It turns out [16, 21] that
for Minkowski embeddings the spectrum is discrete and
has a non-vanishing mass-gap, while for black hole em-
bedding it is continuous and gapless. From this it is con-
cluded that Minkowski embeddings are dual to a phase of
the gauge theory where stable mesons exist, while black
hole embeddings correspond to a different phase in which
the mesons have dissociated or melted. When the ratio
M¯/T is considerably above the value at which the system
transit from one phase to the other, M¯ is related to the
mass gap of the meson spectrum [22–25], so we see that
the transition is governed by how this physical quantity
compares to the temperature.
If the transition between embeddings is thought of at
fixed M¯ but changing temperature, we see that at low
temperatures, represented by small rh, the D7 does not
fall through the horizon, and stable mesons exist. As the
temperature increases the system gets to a point in which
the brane does fall through the horizon and the mesons
melt.
MAGNETIC MESON MELTING (MMM)
To visualize our main result, in Fig. 1 we display sev-
eral profiles at the same temperature T = 34pi , grouped by
their value for M¯ . Our first finding is that for stronger
magnetic fields the brane bends closer to the horizon,
lowering the value of T/M¯ at which the mesons melt. A
second observation is that there is a range for M¯ , 0.38
serving as an example, for which the intensity of the mag-
netic field can change the embedding from Minkowski
type to black hole. This means we can keep T/M¯ fixed
and use the magnetic field to drive the transition that will
happen at a certain critical intensity bmmm. Importantly,
since the bound bc for the intensity of the magnetic field
is inherited from the analysis in [18], this melting can
only occur for a certain range in T/M¯ .
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FIG. 1. Profiles in the (r cos θ, r sin θ)-plane. The circle represents
the horizon. From highest to lowest bundle M¯ = {.55, .38, .29}. In
each bundle, red, blue and green (top to bottom) correspond to
b/T 2 = {0, 5.45, 11.04} respectively.
To study this transition more carefully we compute
the free energy associated to a number of embeddings of
both types covering those close to the transition. The
free energy is given by the product F = T SD7 of the
temperature T characterizing the background and SD7,
which is the renormalized Euclidean continuation of (4)
evaluated on the corresponding solution χ(r).
The details of the renormalization for SD7, that will be
available in [19], indicate the existence of some freedom
in choosing the renormalization scheme. Since all the
qualitative results are scheme independent, in this letter
we work in a fixed scheme of which the particulars are
not relevant, and leave other instanses for [19].
In Fig. 2 we fix T = 34pi and show the behavior of F
as a function of b/T 2 for three values of M¯/T that per-
mit both phases for different intensities of the magnetic
field. These plots explicitly show that the phase transi-
tion can be driven by the magnetic field and demonstrate
our main result. The inset shows the difference in free
energy between the black hole and Minkowski embed-
dings close to the melting point of the mesons for the
case M¯/T = 1.53. In this example bmmm/T
2 = 2.52.
Extending the thermodynamic analysis of the transi-
tion requires to find the temperature dependence of the
free energy at fixed magnetic field, the entropy density
computed from it, and the specific heat Cb. This will be
presented in [19].
4b/T 2
F/N
FIG. 2. F/N as function of b/T 2. Red, blue and green (bot-
tom to top) correspond to M¯/T = {1.81, 1.53, 1.33} respectively.
Dashed segments correspond to Minkowski embeddings, while con-
tinuous segments correspond to black hole embeddings. N =
TD7Nfvol(S
3)vol(x)pi
3T4
4
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MESON SPECTRUM
The spectrum of the mesons in the gauge theory can
be determined by finding the stable normal modes of the
Minkowski embeddings [22–26] for excitations of either
vibrational modes or those of the world volume U(1) field.
To demonstrate the effect that the magnetic field has over
the meson spectrum, in this letter we will only study
those that correspond to perturbations of the embedding
in directions perpendicular to it and leave other sectors
to be presented in [19].
A general excitation of this kind can be implemented
by writing χ(X) = χ0(r) + δ χ1(X) and φ(X) = φ0 +
δ φ1(X), where the naughted functions are the solutions
discussed earlier and the perturbations, denoted by a
subindex 1, can depend on any coordinate of the ten-
dimensional space. The equations of motion for these
perturbations show that χ1(X) and φ1(X) decouple from
each another, and furthermore, their dependence on the
3-cycle coordinates, on r, and on the gauge theory direc-
tions, can be factored. Once reduced over the 3-cycle,
the dependence of the perturbations on its coordinates is
related to the r-charges of the states in a Kaluza-Klein
tower. For concreteness we will focus on perturbations
χ1(X) that do not depend on the coordinates of the 3-
cycle and leave other examples for [19].
Even if the magnetic field makes our gauge theory not
isotropic, it remains invariant under translations, so we
can write χ1(X) = e
iωt−kµx
µ
χr(r) in the bulk. Lorentz
invariance is broken by the non-vanishing temperature,
so what is understood as the mass of a meson is frame
specific. Our choice follows [16], and it is to consider
the mass to be defined in the rest frame of the mesons,
which is then given by ω with vanishing three-momentum
kµ = 0. The allowed values for ω are those for which χ1
remains normalizable near the boundary. By following
this procedure we get to a discrete spectrum of frequen-
cies from which we compute the corresponding masses
mn, that have a non vanishing value m0 for the ground
state, establishing the existence of a mass gap.
To display the impact of the magnetic field on the spec-
trum, in Fig. 3 we present a plot of its first three masses
as a function of b/T 2 at M¯/T = 1.53.
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FIG. 3. First three meson masses ω2/M¯2 as a function of b/T 2 at
M¯/T = 1.53
DISCUSSION
We have exhibited that the presence of an intense mag-
netic field lowers the temperature at which mesons melt,
and demonstrated that this transition can be alterna-
tively driven by applying a magnetic field.
It is important to remember that what we study here is
neither the confinement/deconfinement transition, since
the existence of a horizon implies that the adjoint de-
grees of freedom are deconfined, nor the chiral symmetry
breaking, since in both phases of our system the expecta-
tion value of the chiral condensate is different from zero.
It is expected that the transition we study does not coin-
cide with any of the former two, since lattice calculations
[27–29] show that the temperature at which the mesons
dissociate is indeed higher than that at which deconfine-
ment happens. So, what we explicitly report in this letter
is an inverse magnetic catalysis (IMC) for meson disso-
ciation.
IMC for the confinement/deconfinement transition has
been studied using holographic methods in [12, 13], while
IMC for chiral symmetry restauration has been reported
to happen using different approaches [30–34], including
the holographic Sakai-Sugimoto model at nonzero chem-
ical potential [11]. We mention this because the geomet-
ric reading in [11] is very similar to ours, since applying
a magnetic field makes the D8 and D¯8 branes to bend
closer to the horizon causing an early restoration of the
5chiral symmetry. So, even if the chiral and meson melt-
ing IMC are different processes, it seams that their dual
gravitational description is of similar nature.
The inset in Fig. 2 shows the typical pattern of a
first order phase transition, making it clear that a more
extensive thermodynamic analysis would be enriching,
but since this goal is beyond the scope of the present
letter, it will be left for future research.
Another result of significant physical relevance is the
decrees of the masses in the meson spectrum, including
its mass gap, that the magnetic field causes, as can be ap-
preciated in Fig. 3. If this effect extrapolates to QCD, it
implies that the masses at which some resonances are de-
tected experimentally in non-central collisions are shifted
by the influence of the magnetic field produced in them,
requiring for some experimental explorations and conclu-
sions to be adapted accordingly.
Fig. 3 also exhibits a value for b/T 2 at which the
mass gap vanishes, providing further evidence that the
magnetic field dissociates mesons.
Part of our results provide a non-perturbative confir-
mation of those fund in [10], where a one-loop calculation
is done in a linear sigma model to find that the mass of
the neutral pion is diminished by the application of a
magnetic field, and are in complete agreement with the
lattice results in [9] for the same pion. The spectrum of
the η′ meson was already computed in the holographic
context [35], but as the authors conclude, their calcula-
tion, that indicates an increase in the mass with the mag-
netic field, should be corrected by taking back-reaction
effects into account. The same corrections should be ap-
plied to [36], where the melting transition is studied out
of equilibrium. Our results provide such a correction and
show that the effect of the field is indeed inverse to the
one reported in [35].
Consistently with previous results, the values that the
plots in Fig. 3 approach at b/T 2 = 0 coincide with those
in [16] for M¯/T = 1.53.
Among the novel results that we will present in [19]
will be the existence of a conformal anomaly in the
gauge theory with fundamental degrees of freedom. This
anomaly will not only be responsible for the renormal-
ization scheme dependence of some physical quantities,
but will also permit to study the enhancement of direct
photon production that a magnetic field in its presence
has been speculated to cause [3].
The holographic study of a hot quark-gluon plasma
with massive fundamental degrees of freedom subject to
an intense magnetic field is accessible through the su-
pergravity construction presented here, so the lines of
research that can be followed using it, and the results of
this letter, are numerous. The dynamical nature of many
of these processes puts them out of reach for lattice calcu-
lations, making the use of our holographic construction
particularly appealing. One example is the aforemen-
tioned impact of a magnetic field on the luminous spec-
trum of this system, which we are currently investigating
as an extension to the results in [37, 38]. Other examples
are the effect of an intense magnetic field on jet quench-
ing or the drag force over quarks on the plasma. It is
not our intention to present a comprehensive list of the
projects that we are pursuing using the construction that
we presented, but we would like to finish by mentioning
that we expect many results to derive from our current
study.
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